Effectiveness of a Zinc Amino Acid
Introduction
The inclusion of organically complexed or chelated Zn products into mineral supplements for livestock diets has been suggested on the basis that they supply more bioavailable Zn than the inorganic mineral salts.
Zinc is considered bioavailable only when it is both absorbed and utilized in a biological process (O'Dell, 1984) . Greater bone Zn concentrations were found in chicks fed diets supplemented with Zn methionine than in those supplemented with ZnSO 4 or ZnO (Wedekind et al., 1992) . In pigs, lambs, and growing heifers, substitution of Zn methionine for ZnSO 4 in a trace mineral supplement did not lead to improvements in performance (Kornegay and Thomas, 1975; Hill et al., 1986; Spears, 1989) .
Zinc in the gastrointestinal ( GI) lumen exists mostly bound to chemical ligands of dietary or secretory origin that may inhibit or facilitate Zn absorption (Kratzer and Vohra, 1986; Lönnerdal, 1991) . Tryptophan, histidine, or proline additions to a perfusate containing ZnSO 4 increased apparent Zn absorption by perfused rat jejunal and ileal segments (Wapnir and Stiel, 1986) . Adding .4% cysteine to a chick diet containing ZnSO 4 significantly improved Zn bioavailability (Hortin et al., 1991) . Complexing methionine with Zn, however, decreased Zn absorption in ligated duodenal loops of the rat (Hempe and Cousins, 1989) . Several factors, other than the mineral source per se, may influence assessment of Zn availability. These factors include 1 ) the Zn availability of the mineral source used as control (Wedekind and Baker, 1990; Wedekind et al., 1992) , 2 ) interactions of Zn with other dietary constituents (Lönnerdal, 1991) , and 3 ) the Zn status of the experimental animals (Hallmans et al., 1987) . In the present study, the effectiveness of a Zn amino acid chelate ( ZnAAC) was compared with that of ZnSO 4 in restoring serum and soft tissue Zn concentrations when fed to Zn-depleted pigs. Additionally, the effect of Zn status and Zn source on soft tissue Cu and Fe concentrations was studied.
Experimental Procedures
Animals, Diets, and Housing. Forty-eight crossbred pigs, BW 5.3 ± .1 kg and age 23.3 ± .1 d, were used in an experiment with a 2 × 2 factorial arrangement of treatments. The two factors were Zn status (Zndepleted and nondepleted) and Zn source (ZnSO 4 and ZnAAC). Pigs were allotted to one of four dietary treatments based on BW, sex, and litter. Treatments 1 and 2 (eight pigs per treatment) consisted of pigs fed a soy-isolate (basal) diet (Table 1 ) (Swinkels and Kornegay, unpublished data) suggested that supplementing a concentration of 45 mg/kg of Zn to the basal diet was necessary to return blood and soft tissue Zn concentrations of Zn-depleted pigs to normal within 12 d. Zinc-depleted pigs fed 5 or 15 mg/kg of Zn as either ZnSO 4 or ZnAAC were only able to maintain liver and kidney Zn concentrations at levels observed for Zn-depleted pigs; serum Zn concentration and alkaline phosphatase activities were not maintained by feeding 5 mg/kg Zn as either Zn source. The care and treatment of pigs followed published guidelines (Consortium, 1988) .
During the first 24 d (Zn depletion), pigs of treatments 3 and 4 were given ad libitum access to the basal diet that met all suggested nutrient requirements, except Zn (NRC, 1988) . The amount of feed offered to the pigs of treatments 1 and 2 was adjusted on a metabolic BW basis to the mean feed consumption of the pigs of treatments 3 and 4. From d 24 to 36 (Zn repletion), all pigs were fed on an individual basis twice daily starting at 0600 and 1800. Daily feed was offered at 2.5 times maintenance (maintenance was assumed to be 109.5 kcal of ME/kg BW .75 , ARC, 1981). Pigs were allowed access to feed for 2 h, after which orts were collected and weighed. Except for the first few days of Zn repletion, pigs generally consumed most of their feed allowance. Throughout the entire experiment, deionized water was provided continuously using stainless steel nipple waterers and polyvinyl chloride piping.
The basal diet used in this experiment contained 17 mg/kg of Zn; 6 mg/kg of Cu as CuSO 4 ·5H 2 O and 50 mg/kg Fe as FeSO 4 ·7H 2 O were supplemented to the diet as a trace mineral premix. The ZnAAC was formed from the amino acids derived from a protein hydrolysate. The basic structure of the ZnAAC consisted of an atom of Zn bonded to two molecules of any of several amino acids, including glycine, histidine, methionine, and so forth (H. Dewayne Ashmead, personal communication). The ZnAAC was manufactured under one or more of the following U. S. patents: 4,020,158; 4,167,564; 4,830,716; 4,863,898. Total Zn contents of the diets were calculated to be 17 and 62 mg/kg, respectively, before and after supplementation with 45 mg/kg of Zn as either ZnSO 4 or ZnAAC (based on an analyzed Zn content of 17 mg/ kg for the basal diet). Analyzed total Zn contents of the diets supplemented with 45 mg/kg of Zn as either ZnSO 4 or ZnAAC were 64 and 66 mg/kg, respectively.
Analyzed total Cu and Fe contents of the basal diet were 16 and 480 mg/kg, respectively. The high Fe content of the basal diet was due to the Fe-contents of the Ca and P mineral sources.
Four pigs selected randomly in treatments 1 and 2 were killed on d 24 and 36. In treatments 3 and 4, pigs selected randomly were killed on d 24 (four per treatment), d 30 (four per treatment), and on d 36 (eight per treatment). All pigs were killed by intravenous injection (.25 mL/kg BW) of sodium pentobarbital (Anthony Products, Arcadia, CA) followed by exsanguination.
During the first 24 d, pigs were housed in 1.5-× .7-m stainless steel pens (four pigs per pen) in a room equipped with temperature and ventilation control. During the 1st wk, an ambient temperature of 29.5°C was maintained. Thereafter, temperature was reduced by approximately 2C°weekly to a low of 23°C. A 12-h light:dark cycle was maintained. From d 24 to 36 (Zn repletion), pigs were individually housed in 1.5-× .7-m stainless steel pens (two pigs per pen separated by a wooden divider). An ambient temperature of 23°C and a 14-to 10-h light:dark cycle were maintained.
Performance and Blood and Tissue Analysis. During the first 24 d (Zn depletion), BW were taken weekly. From d 24 to 36 (Zn repletion), BW was taken every 3 d for 12 d. Throughout the entire experiment, feed intake was recorded daily, and blood samples were taken from the anterior vena cava, 2 to 4 h after offering the meal on the days of weighing. Immediately after collection, blood samples were refrigerated ( 4°C ) overnight and then centrifuged for the collection of serum to be used for the analysis of serum Zn and serum alkaline phosphatase ( ALP) activities, which were conducted within 4 h.
All pigs were killed within 2 to 4 h after they were offered a meal. Livers, kidneys, pancreases, and brains were collected. Additionally, the small intestines of all the pigs were excised. The excised small intestines were ligated into three segments of equal length. Each of the small intestinal segments was flushed three times using physiological saline. Collected tissues were weighed, placed in plastic bags, and stored on ice ( 4°C). Afterward, tissues were frozen ( −20°C ) for later analysis of minerals.
Serum Zn was determined using flame atomic absorption spectrophotometry (model 5100, Perkin Elmer, Norwalk, CT). Serum ALP activities (Sigma Procedure 245) were determined using a computercontrolled vertical photometer (Titertek Multiskan MCC/340, Flow Laboratories, McLean, VA) .
Following an overnight thaw at room temperature, livers, kidneys, brains, and small intestines were homogenized using an Osterizer blender. The pancreas samples were homogenized using a Polytron homogenizer (PT10/35, Brinkman Instruments, Westberg, NY). Tissue homogenates were analyzed for Zn, Cu, and Fe using flame atomic absorption spectrophotometry following wet digestion with HNO 3 and HClO 4 (AOAC, 1990 where Y ijk = trait, m = overall mean, St i = effect of Zn status i ( i = 1,2), So j = effect of Zn source j ( j = 1,2), Pig(St × So) ij = pig nested within each class of Zn status i and Zn source j , b 1 = linear coefficient of day of experiment, b 2 = quadratic coefficient of day of experiment, and e ijk = error term. The effects of Zn status, Zn source, and their twoway interactions were tested against the nested pig effect. Model [1] was used to compute sequential sums of squares of the linear and quadratic day × main effects and day × two-way interactions. In this way, differences could be assessed among serum Zn and ALP-activity patterns of the four treatment groups.
Serum and performance data were analyzed by the GLM procedure of SAS (1988) using the pen as experimental unit for d 1 to 24 (Zn depletion) and the pig as the experimental unit for d 25 to 36 (Zn repletion). The following statistical model was used:
where Y ijk = trait, m = overall mean, St i = effect of Zn status i ( i = 1,2), So j = effect of Zn source j ( j = 1,2), and e ijk = error term. Soft tissue data were analyzed by the GLM procedure of SAS (1988) using the pig as the experimental unit. The analysis of tissue data involved two steps. Initially, only data obtained on d 24 and 36 were analyzed using the following model:
where Y ijkl = trait, m = overall mean, St i = effect of Zn status i ( i = 1,2), So j = effect of Zn source j ( j = 1,2), Day k = effect of day k of experiment ( k = 1,2), and e ijkl = error term. Of Model [3] , only the Zn status × day interaction ( P < .05) was analyzed to identify the tissue variables that differed in their pattern due to the Zn status of the pigs (treatments 1 and 2 vs treatments 3 and 4). In the following step, tissue data were analyzed separately for treatments 1 and 2 and for treatments 3 and 4 using the following statistical model: Y ijk = m + So i + Day j + (So × Day) ij + e ijk [4] where Y ijk = trait, m = overall mean, So i = effect of Zn source i ( i = 1,2), Day j = effect of day j of experiment ( j = 1,2,3), and e ijk = error term. In this analysis, tissue data of pigs from treatments 3 and 4 killed on d 30 were included. Orthogonal contrasts for treatments 1 and 2 were only used to test for linear responses to day of experiment.
Results
General. Pigs that were depleted of Zn for 24 d in treatments 3 and 4 using a soy-isolate diet containing 17 mg/kg of Zn developed parakeratosis, the classical sign of Zn deficiency (Tucker and Salmon, 1955; Swinkels, 1992) .
Serum Characteristics. Results of analysis with
Model [1] showed interactive ( P < .05) Zn status × day effects, whereas the Zn source × day interaction was not significant (Figure 1 ). Throughout the experiment, serum Zn concentrations remained constant for the pigs that were continuously fed the diets supplemented with 45 mg/kg of Zn as either ZnSO 4 or ZnAAC. Conversely, the pattern of serum ALP activities was characterized by a slight increase from d 1 to 7 (the beginning of Zn depletion) and a slight dip between d 21 and 27.
During the first 24 d (Zn depletion), serum Zn concentrations and serum ALP activities of pigs fed the diet with no supplemental Zn rapidly decreased to d 14 and then reached a plateau. However, the drop in serum Zn concentrations occurred primarily during the first 7 d, whereas the drop in serum ALP activities was steepest from d 8 to 14. At d 24, serum Zn concentrations and serum ALP activities of pigs fed the diet with no supplemental Zn were on average 63% and 85% lower ( P < .01), respectively, than the mean values for pigs fed the Zn-supplemented diets.
From d 24 to 36 (Zn repletion), serum Zn concentrations and serum ALP activities increased for pigs fed the diets supplemented with 45 mg/kg of Zn as either ZnSO 4 or ZnAAC. At the end of the experiment, serum Zn concentrations, but not serum ALP activities, were similar to those of the pigs continuously fed the diets supplemented with 45 mg/ kg of Zn. Zinc source had no effect on serum Zn concentrations or serum ALP activities.
Growth Performance. From d 1 to 24 (Zn depletion), ADG of pigs fed the diets with no supplemental Zn was lower ( P < .01) than that of pigs fed the diets supplemented with Zn as either ZnSO 4 or ZnAAC (Table 2 ). Because feed intake was maintained at a similar level during the first 24 d, the reduction in ADG resulted from a smaller ( P < .01) gain to feed ( GF) ratio.
Because pigs fed the Zn-supplemented diets were heavier at d 24 of the experiment (end of Zn depletion), they were offered a larger amount of feed than the pigs fed the diets with no supplemental Zn (BW 11.6 ± .3 kg vs. 9.6 ± .3 kg). Consequently, overall ADG of the nondepleted pigs fed 45 mg/kg of Zn as either ZnSO 4 or ZnAAC was greater than for their respective Zn-depleted counterparts. From d 24 to 36, GF ratios were similar for the four treatments. Throughout the experiment, growth performance of the pigs was not affected by Zn source. Zinc Concentrations in Organ Tissues. After 24 d on test, liver, kidney, pancreas, and brain Zn concentrations of pigs fed the diets with no supplemental Zn (Zn-depleted) were lower ( P < .001) than those of nondepleted pigs (Table 3) . Zinc depletion of organ tissues was most profound in the liver (39%) and pancreas (35%), followed by the kidney (18%) and brain (10%). From d 24 to 36 (Zn repletion), a Zn status × day interaction ( P < .05) for Zn concentrations in all organ tissues was observed. Zinc-depleted pigs fed ZnSO 4 and ZnAAC had increased ( P < .01) concentrations of Zn in all organ tissues over time, whereas values did not change or decreased for nondepleted pigs. Liver and brain Zn concentrations of the Zn depleted pigs were increased ( P < .01) up to d 36, whereas kidney and pancreas Zn concentrations were only increased ( P < .01) up to d 30. From d 30 to 36, kidney Zn concentrations had reached a plateau ( P < .05) and pancreas Zn concentrations decreased ( P < .05). The magnitude of Zn accumulation was greatest in the liver. At the end of the experiment, tissue Zn concentrations attained by the Zn-depleted pigs fed ZnSO 4 and ZnAAC were just below that of their respective nondepleted counterparts. Tissue Zn concentrations were not clearly affected by Zn source, except liver Zn concentrations, which tended to be greater ( P < .10) for nondepleted pigs fed ZnSO 4 than for those fed ZnAAC.
Copper and Iron Concentrations in Organ Tissues.
After d 24, concentrations of Cu in the liver were similar for Zn-depleted and nondepleted pigs (Table  4) . Kidney Cu of pigs fed the diets with no supplemental Zn was lower ( P < .05) than that of pigs fed the Zn-supplemented diets. Pancreas and brain Cu were not affected by Zn depletion.
From d 24 to 36 (Zn repletion), liver Cu concentrations decreased for both Zn-depleted ( P < .05) and nondepleted pigs ( P < .01). Kidney Cu of the Zndepleted pigs increased ( P < .01) and was similar to that of the nondepleted pigs on d 36. The Cu in the kidney tended ( P < .10) to be restored at a higher level for pigs fed ZnAAC than for those fed ZnSO 4 . Pancreas Cu increased for both Zn-depleted ( P < .05) and nondepleted pigs ( P < .10), but values were not affected by Zn status or Zn source. The concentration of Cu in the brain also was not influenced by Zn status or Zn source. After d 24 (Zn depletion), there were treatment differences in organ Fe concentrations; however, these were not consistent (Table 5) . From d 24 to 36 (Zn repletion), liver and kidney Fe decreased ( P < .05) for both Zn-depleted and nondepleted pigs, but the Zn source effect was not consistent. Pancreas and brain Fe were not clearly influenced by any treatments, although Fe in the brain increased ( P < .01) from d 24 to 36 for nondepleted pigs.
Zinc Concentrations in Gastrointestinal Tissues.
The average mineral concentrations of the three segments in the small intestine are presented in Table 6 . After d 24 (Zn depletion), the concentration of Zn was approximately 10% lower ( P < .01) in the small intestinal tissue of pigs fed the diet with no supplemental Zn than for pigs fed the Zn-supplemented diets. Intestinal tissue Zn concentrations were lowest toward the proximal end and highest toward the distal end of the small intestine (data not shown). Tissue Zn decreased ( P < .01) in the small intestine from d 24 to 36 for nondepleted pigs.
Copper and Iron Concentrations in Gastrointestinal
Tissues. The first 24 d (Zn depletion) was associated with a higher ( P < .05) tissue Cu concentration in the small intestine (Table 6 ). Afterward, intestinal tissue Cu was similar for the nondepleted pigs fed ZnSO 4 and ZnAAC. Within the small intestine at d 24, Cu was highest in the proximal segment and lowest in the distal segment (data not shown).
At d 24, intestinal Fe of Zn-depleted pigs was lower ( P < .05) than that of nondepleted pigs (Table 6 ). This was due to the high intestinal tissue Fe concentrations of the pigs fed the ZnAAC diet. From d 24 to 36 (Zn repletion), Zn-depleted pigs fed the ZnAAC diet had higher ( P < .05) concentrations of intestinal tissue Fe than Zn-depleted pigs fed ZnSO 4 . Nondepleted pigs fed ZnAAC also had higher ( P < .05) intestinal tissue Fe than those fed ZnSO 4 at d 24 and 36.
Discussion
A soy-isolate diet containing 17 mg/kg of Zn was effectively used to deplete serum and soft tissue Zn concentrations of weanling pigs within a 3-to 4-wk period. Pathogenesis of parakeratosis in all Zndepleted pigs evolved as previously described by Blood et al. (1979) and Scott (1988) .
Growth Retardation During Experimental Zinc Deficiency.
The growth retardation of Zn-deficient pigs cannot be fully accounted for by depressions in feed intake. Results of the present experiment are in agreement with findings of studies that used pair-fed b Gastrointestinal tissue represents the average value of the mineral concentrations of the proximal, medial, and distal segments of the small intestine.
c Zn status × day interaction ( P < .05). d Zn status effect at d 24 ( P < .01). e Decrease with day ( P < .01). f Zn source × day interaction, respectively, ( P < .10) and ( P < .05). g Zn source effect ( P < .05). (Miller et al., 1969; , which clearly showed that body weight gain was lower in Zn-depleted animals (Table 2 ). It should be pointed out, however, that pair feeding does not mean that Zn-depleted and nondepleted groups are able to use equal amounts of nutrients. Nutrient utilization by the Zn-depleted pigs may have been depressed indirectly due to a high incidence of moderate to severe diarrhea. A high incidence of diarrhea was observed earlier in Zn-deficient pigs (Stevenson and Earle, 1956) , and diarrhea has been observed to be correlated with poor growth rates and low nutrient intake in pigs fed diets adequate in Zn (Swinkels et al., 1988) .
Depletion of Blood and Tissue Zinc Stores.
The more rapid decrease in serum Zn concentrations compared with serum ALP activity of pigs fed the diet with no supplemental Zn (Figure 1 ) was shown earlier in baby pigs (Miller et al., 1969) . Apparently, the portion of Zn in serum that is not part of biologically active compounds is used to compensate for early onset of Zn deficiency. Body tissues of animals fed low dietary levels of Zn are not all depleted to the same extent (Jackson, 1989) . In our study, Zn depletion was less severe in brain, small intestine, and kidney than in pancreas or liver. Although not measured in our study, bone also is severely depleted of Zn in Zn-deficient animals (Giugliano and Millward, 1984; Hill et al., 1986) . Muscle, spleen, thymus, and testis, however, maintain their Zn concentrations during Zn deficiency (Crofton et al., 1983; Giugliano and Millward, 1984; Canton and Cremin, 1990) . It may be that the most severely Zn-depleted tissues contain a relatively larger portion of the body Zn reserve. Alternatively, it may be that some organs do not lose Zn so readily and(or) are better able to sequester or retain it.
Restoring Blood and Tissue Zinc Concentrations.
Zinc-depleted pigs fed diets supplemented with 45 mg/ kg of Zn as either ZnSO 4 or ZnAAC were able to restore most of their serum and tissue Zn concentrations within 6 d. A fast replenishment of blood and tissue Zn concentrations was also observed in Zndeficient guinea-pigs and rats fed diets containing Zn levels that met or were in excess of the Zn requirement of the experimentally depleted animals (Roth and Kirchgessner, 1974; Gupta et al., 1989; Canton and Cremin, 1990; . Also, in our preliminary study (Swinkels and Kornegay, unpublished data) , Zn-depleted pigs fed diets supplemented with 45 mg/kg of Zn as either ZnSO 4 or ZnAAC had a fast recovery of serum Zn levels and ALP activities that reached levels of nondepleted pigs by 6 to 9 d; liver and kidney Zn concentrations also increased during the 24-d repletion. Supplemental Zn levels of 5 and 15 mg/kg as either Zn source, however, were not effective in repletion of Zn stores, and there seemed to be no differences between Zn sources.
After a rapid rate of Zn accumulation during the first 6 d of Zn repletion ( d 24 to 30), a slower rate of Zn accumulation was observed in serum and liver. However, serum ALP activities increased throughout the entire Zn repletion period (Figure 1) . Assuming that the increase in serum ALP activity was indicative of improvement in Zn status, the observed increased would suggest that blood and tissue Zn concentrations were not completely restored by the end of the Zn repletion period. The observation that serum and tissue Zn concentrations attained by Zn-depleted pigs fed ZnSO 4 and ZnAAC were below those of their respective nondepleted groups may be a further indication that Zn repletion was not completed. Alternatively, serum ALP activity and soft tissue Zn stores of nondepleted pigs may have been higher because they were able to sequester a small amount of Zn during the Zn depletion and repletion periods.
Effectiveness of Dietary Zinc Amino Acid Chelate in
Restoring Serum and Soft Tissue Zn Concentrations. Kratzer and Vohra (1986) and Lönnerdal (1991) suggested that organically chelated or complexed forms of Zn may be more effective than ZnSO 4 in repleting serum and tissue Zn concentrations, because they prevent Zn from binding to non-absorbable dietary compounds. Alternatively, the ligand may directly facilitate Zn absorption as shown in a Zn absorption model proposed by Cousins (1989) . Because Zn exerts its biological activity almost entirely as part of complex molecules (Williams, 1989 , Swinkels et al., 1994 , it was speculated that organically complexed or chelated Zn sources are more effective than inorganic Zn sources in restoring Zn concentrations by increasing Zn absorption and(or) enhancing Zn retention. The phytic acid concentration of soy isolate was not determined in this study, but soy isolate is known to contain 1.6 to 2.2% phytic acid (Bodwell and Hopkins, 1985) . Thus, the potential is present for binding of a large portion of the Zn present in the soy isolate and some of the added Zn. The serum Zn, serum ALP activity, and liver, kidney, pancreas, brain, and small intestinal tissue Zn were, however, similar for both Zn sources in this study. Results of our preliminary study (Swinkels and Kornegay, unpublished data) also indicated no differences in serum Zn, serum ALP activity, and liver, kidney, or small intestinal tissue Zn between Zn sources. Although the Zn contents in bone, a tissue that is frequently used in Zn bioassays (Hill et al., 1986; Wedekind et al., 1992) , were not determined in our study, serum Zn and serum ALP activities (Liptrap et al., 1970) as well as liver and kidney Zn (Henry et al., 1987) are considered to be sensitive indicators for determining the availability of dietary Zn. Findings reported by Schell and Kornegay (1994) feeding 1,000 to 3,000 mg/kg of Zn from either ZnSO 4 or Zn-lysine and by and feeding a low-Zn diet (22 mg/kg) with 80 mg/kg of Zn added as either ZnSO 4 or Znlysine to weanling pigs showed that the Zn concentration of liver was usually more sensitive than the Zn concentration of kidney or 10th rib.
The results in our study suggest that the particular organic Zn source used, consisting of a Zn atom bonded to two amino acids derived from a protein hydrolysate, did not provide more readily available Zn than ZnSO 4 , which is commonly supplemented to commercial pig diets. The use of Zn-methionine for ZnSO 4 in a trace mineral supplement did not lead to improved growth performance of weanling pigs (Kornegay and Thomas, 1975; Hill et al., 1986) . Wedekind et al. (1994) using Zn-depleted growing pigs reported that Zn from ZnSO 4 was more available than Zn from ZnO, Zn-lysine, or Zn-methionine when bone Zn concentrations were used as an indicator. Both ZnSO 4 and Zn-lysine were reported to be equally effective in maintaining Zn concentrations of serum, liver, kidney, and 10th rib of weanling pigs fed a lowZn diet . Also, no differences were reported in Zn concentrations of serum and tissues from weanling pigs fed high levels of Zn either as ZnSO 4 or Zn-lysine (Schell and Kornegay, 1994) . Plasma Zn concentrations were similar for pigs fed 1,500 or 2,500 mg/kg of Zn as ZnSO 4 or Zn-lysine (Hahn and Baker, 1993) . In another trial, plasma Zn concentration was higher for pigs fed 3,000 mg/kg of Zn as Zn-methionine compared with Zn from ZnSO 4 (Hahn and Baker, 1993) .
Zinc, Copper, and Iron Interactions in Tissues.
Tissue depletion of Zn was clearly associated with depletion of kidney Cu, but liver, pancreas, and brain Cu contents were unaffected. Moreover, bone Cu content of pigs depleted by feeding a corn-soybean meal diet with no supplemental Zn also was not associated with Zn depletion (Hill et al., 1986) . During Zn repletion, accumulation of Cu occurred with Zn accumulation only in kidney and not in any of the other tissues examined. This may be associated with stimulation of metallothionein synthesis by Zn, because metallothionein has a higher affinity for Cu than Zn (Dunn et al., 1987) . In rat studies, Bremner and Beattie (1990) found that metallothionein synthesis occurs in several tissues, but the kidney is the primary site when dietary intake of Zn is high (Cousins and Lee-Ambrose, 1992) .
The high Fe level found in the small intestinal mucosa and whole small intestine of Zn-depleted and nondepleted pigs fed ZnAAC may explain the improved Fe absorption found in Zn-depleted pigs fed ZnAAC (Swinkels, 1992) . A specific interaction seems to occur between Fe and the ZnAAC, because intestinal Zn and Cu levels were not enhanced in Zndepleted and nondepleted pigs fed the ZnAAC diets. Iron homeostasis is believed to be regulated in the enterocyte by ferritin and transferrin (Savin and Cook, 1980) . Ferritin has been implicated to regulate Fe absorption by either retaining or allowing transcellular transport of intracellular Fe (Mattia et al., 1986) . A possible explanation for the interaction between Fe and the ZnAAC is that, before or during the occurrence of Zn absorption, Fe successfully competes for the amino acid ligands of ZnAAC with Zn. Apparently, transcellular transport of Fe bound to the amino acid ligands of ZnAAC is not allowed, which may have led to increased Fe contents in the small intestine. An alternative explanation is that ZnAAC may have stimulated the synthesis of ferritin and(or) transferrin, thereby enhancing intracellular binding of Fe. It has been shown that regulation of the Fe response element-binding protein of ferritin involves a chelatable form of Fe (Koeller et al., 1989; Haile et al., 1990) . Whether the ZnAAC used can mimic the regulatory action of the Fe chelate remains to be investigated. However, an induction of ferritin synthesis resulting from an unknown interaction between ZnAAC and Fe would explain the high Fe levels in the small intestinal tissue of Zn-depleted pigs fed ZnAAC.
Much is yet to be learned about the mechanisms underlying systemic mineral interactions. While we demonstrated interactions among these metals, a feasible explanation of these interactions from our data is not possible. However, our findings do show that mechanisms underlying systemic interactions between Cu and Zn and between Fe and Zn of ZnAAC are not identical in different body tissues.
Implication
Based on several indicators for assessing Zn status, we can conclude that a zinc amino acid chelate and ZnSO 4 may be equally effective in restoring or maintaining serum and soft tissue Zn concentrations when each was included in a soy-isolate diet fed to Zndepleted or nondepleted pigs.
